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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-474

DETERMINATION OF IUCLEAR-ROCKET POWER LEVELS FOR UNMANNED
MARS VEHICLES STARTING FROM ORBIT ABCUT EARTH

By Richard H. Caviechi and James W. Miser

SUMMARY

For unmanned, one-way trips from an orbit around Earth to an orbit
about Mars, nuclear-powered lLydrogen-rocket vehicles have greater payload
capacities than chemical vehicles for all reactor powers in excess of
gbout 50 megawatts. Use of ruclear-powered vehicles for this mission
must await development of chemical boosters capable of placing at least
30,000 pounds (13,600 kg) in an orbit about Earth.

The reactor power of a 33, 000-pound (l5,000—kg) vehicle must be

about 150 megawatts to place a payload of the order of 2000 pounds (200
kg) into orbit about Mars. In a vehicle of this size little payload in-
crease is obtainable by using reactor powers greater than 150 megawatts.
The corresponding power for an 81, 000-pound vehicle (36, 700 kg) is about
400 megawatts, and for a 200, 000-pound vehicle, about 1000 megawatts. A
hydrogen stagnation temperature of 4000° F (2200° C) in the nozzle appears
to be a good compromise between rocket performance and severity of reactor
materials problems. In a 33, 000-pound vehicle, a temperature of 3500° F
(1500° C) is too low for a frasible mission.

Tt was determined that for a 33,000-pound vehicle a coast time of
greater than 200 days is necessary, but the firing date must be close to
optimum for a successful mission. Furthermore, in this size vehicle the
powerplant weight must not exceed about 7000 pounds (3200 kg). Use of
an 81,000-pound vehicle can reduce the coast time to about 145 days. Or,
alternatively, it appears feasible to soft-land a weight of about 12,000
pounds on Mars' surface using a vehicle of this weight. For both mis-
sions, the firing date must be close to optimum. A month's deviation in
firing date decreases the estimated payload weights over 40 percent.

A 200, 000-pound (90,700—kg) vehicle powered by a 1000-megawatt reac-
tor could be used either for round trips to Mars or to reduce drastically
the coast time of one-way unmanned trips. Meteoroid protection of the
hydrogen tanks to the extent of providing a 92-percent probabillity of no
hazardous hits decreases the payload in orbit about Mars by about 1100
pounds (500 kg) for a 30,600-pound (13,880-kg) vehicle.



INTRODUCTION

Use of nuclear power for interplanetary space travel is of great
interest because of the high specific power potential of the fission
process and high specific impulse obtainable by transferring the fission
energy to a propellant of low molecular weight such as hydrogen. The
types of nuclear powerplants and hydrogen flow systems for space propul-
sion can vary over a wide range.

For booster application, however, the many problems arising from the
need for tremendously high reactor power may eliminate the feasibility of
nuclear-powered boosters in the near future. But when launched from an
orbit about Earth, even a low-powered rocket can accomplish interplanetary
travel provided that the powered phase 1s of sufficiently long duration.
It would appear, therefore, that the earliest application of nuclear power
to space travel might best be made as a nuclear stage boosted intc an
orbit sbout Earth by chemical means.

Reference 1 shows that acceptable paylocads are possible in unmanned
passing shots by Mars, using a low-power (6.7-mw) nuclear last stage.
The assumptions used in this reference are quite optimistic. A continuing
effort is also being made to study reactors of various materials and
geometries. Scme of this work is reported in references 1 and 2.

A project was conducted at the NASA Lewis Research Center to study
the conditions and nonnuclear aspects of design for nuclear rockets
intended for ummanned, one-way trips to Mars., For this project the
nuclear stages, assumed to be placed in an orbit about Earth by chemical
boosters, have gross weights of 33,000 and 81,000 pounds (15,000 and
36,700 kg), which are typical of the payload capacities of Saturn-class
boosters. The primary role of the present report in this program is to
define reactor power levels suitable for ambitious unmanned Mars mis-
sions. In addition to this primary function, this report presents re-
sidual load (vehicle guidance and control equipment + auxiliary power
equipment + payload structure + payload container + payload) based on
tank and structural weights assumed as percentages of required propel-
lant weight. The residual loads can be used as a starting point in pay-
load estimation for vehicles of various weights if the reader supplies
his own tank- and structural-weight assumptions. In developing the
overall project, reference 3 uses values of reactor power suggested
herein as a basis for making detailed tank designs for two particular
vehicles. The project is concluded with reference 4, in which the two
vehicles are designed in detail to provide an estimation of payload.
The mission of one vehicle is to place a payload in orbit about Mars;
the other is to soft-land a payload on the surface of Mars.

Starting from an orbit abaut the Earth, the flight schedule consists
of an outward spiral from Earth, coast in a portion of an elliptic orbit
about the Sun, and a decelerating spiral into an orbit about Mars. The
nuclear reactor is assumed to be shut down during the coast phase. To
provide a basis for detailed designs of vehicles, variations in coast

¢¥e-d



=943

time, altitude at Mars, hydrogen temperature in the nozzle, and vehicle
welght leaving the orbit about Earth are studied. Several additional
factors are also considered, including deviation from optimum firing date,
meteoroid protection of the hLydrogen tanks, comparison with chemical
vehicles, use of a solid-propellant rocket to decelerate into orbit about
Mars, and feasibility of making a soft landing on Mars.

An attempt has been made in the present analysis to incorporate the
assumptions necessary to yield values of payload at Mars as realistic as
possible at this time. The hyperbolic velocities for both the Earth and
Mars ends of the trajectory are obtained from three-dimensional calcula-
tions in which the orbits of Earth and Mars are neither circular nor co-
planar. Properties of the propellant, hydrogen, from reference 5, are
for the "equilibrium" case. Weight allowances have been made for struc-
ture, tanks (including provision for meteoroid protection), vehicle guidance
and control equipment, afterneat cooling of the reactor, and hydrogen
trapped in the lines, tank, and so forth.

Wide ranges of varisbles are presented to aid in selection of the
best combinations. Altitude at Mars varies from 206 to 30,000 miles
(179 to 26,070 Int. naut. miles). Coast time ranges from 90 to 260 days.
The range of reactor powers ased is from 10 to 1000 megawatts. Values of
3500°, 4000°, and 4500° F (1300°, 2200°, and 2500° C) are used for nozzle
gas temperatures, and nozzle area ratio is assumed to be 30. Stage
weights of 33,000, 81,000, aad up to 200,000 pounds (90,700 kg) leaving a
352-statute-mile (306-Tnt.-naut.-mile) circular orbit about Earth are con-
sidered. In all the calculations it is assumed that hydrogen enters the
reactor core at 260° R (144° K).

ANALYSIS
Flight Schedule

The flight schedule is [llustrated in figure .. The solid trajectory
lines indicate power-on phases when leaving the Earth's surface, launching
from the orbit about Earth, and decelerating to an orbit about Mars. The
dashed lines indicate the power-off times during startup of the nuclear
rocket and orientation to the orbital launch point, coast between Earth
and Mars, and coast in orbit about Mars.

The launch from the Barch's surface is to be accomplished by means
of a large chemical booster that is assumed to place the nuclear rocket
into a 352-statute-mile (306-Int.-naut.-mile) circular orbit. The orbital
payloads assumed for these large boosters are 33,000 and 81,000 pounds
(15,000 and 36,700 kg); and, for comparison in one figure, values up to
200, 000 pounds (90,700 kg) were assumed.



After cutoff of the boosters, the nuclear rocket is separated from
the booster, and then a short coast may be desired for orbit determination
and launch-point maneuvering. Then the nuclear rocket is assumed to be
brought up to power without producing any usable thrust or using any
hydrogen.

The thrust of the nuclear rocket during launch from orbit is con-
sidered to be tangential; that is, in the direction of the velocity
vector. Also the thrust is assumed to begin at full power with no allow-
ance for the transient during startup.

™
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When the nuclear reactor is turned off, the thrust is assumed to be
immediately reduced to zero. This, of course, will not exactly represent
the actual case, because there must be some hydrogen flow thrcugh the
reactor to maintain reasonable temperatures. The loss of hydrogen for
ccoling the reactor after shutdown is taken into account only as a pro-
pellant loss that produces no usable thrust. Details of propellant pres- -
surization are not considered in this report. Therefore, in cases where
pumps might be desirable, neither bleed nor thrust therefrom is taken
into account.

Before deceleration into an orbit about Mars begins, it is assumed
that the nuclear rocket will be oriented in such a way that the retro-
thrust will be directed 180° relative to the velocity vector. During
deceleration the thrust is considered to be always 180° from the velocity
vector until the power-off condition in the orbit about Mars.

The primary mission of the Mars probes studied herein is the orbiting
of Mars with a payload heavy enough to provide for research projects such
as picture-taking and transmitting facilities. A periares altitude of
one-tenth the value of Mars' radius was selected for use in all calcula-
tions. The term periares is used herein to denote the lowest point of
the orbit about Mars; apoares denotes the highest. It was felt that a
closest approach to the planet of about 200 miles (175 Int. naut. miles)
could yield sufficient photographic detail and would avoid the additional
retrothrust required and the guidance problems of attaining lower periares
altitudes. As will be discussed in connection with figure 2, an apoares
altitude of 10,000 miles (8690 Int. naut. miles) was chosen. Table I
presents the assumptions and constants used in this analysis.

After shutdown of the nuclear reactor at the destination orbit, no
propellant was allowed for cooling the reactor. Some type of paylcad
separation mechanism would probebly be required in this case, but no
weight penalty was assumed for this.

Flight Integration

Many generalized curves relating to mass ratios required for such
missions are available, or easily calculable, but the interpolation of
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the values available led to errors that were significant percentages of
the payload. Therefore, all data points used in plotting the curves in
this report are based on actual machine integrated flights unless other-
wise noted. Symbols are listed in appendix A, and the equations used in
making the flight integrations are presented in appendix B.

The vehicles were assumed to be under the influence of only the
thrust of the rocket and the gravitational field of an assumed uniform
spherical Earth during orbital launch, under the influence of the Sun's
gravitational field during coast to Mars, and under the influence of the
retrothrust and a uniform Martian gravitational field when approaching
the destination orbit at Mars.

A1l flights away from the orbit about Earth were integrated by steps
until the required hyperbolic velocity was attained. Flights into the
destination orbit around Mars were accomplished by starting at the peri-
ares of the orbit and integrating backward (i.e., filling the propel-
lant tanks) to simulate the inward flight in reverse. Values of initial
weights at the beginning of the retrothrust entering the orbit about Mars
were plotted as a function of assumed final weights at the destination
orbit. These working curves provided the means of determining the final
weights at the destination orbit about Mars for the assumed values of
thrust, weight, and coast time.

The hyperbolic velocities corresponding to Earth departure and Mars
arrival for various coast times and starting dates were obtained from un-
published NASA three-dimensional multiple two-body calculations. These
data are within 1 percent cf precision n-body computations. Figure 2
presents the variation of the hyperbolic velocities at both Earth and
Mars with coast time. The firing date of each point on these curves
is that which permits the minimum sum of the two hyperbolic velocities.
Figure 2 was used in making all trajectory calculations herein except
those in which the effect of varying the firing date is studied. Al-
though figure 2 pertains to only one synodical period, it is repre-
sentative of constellations of Earth and Mars that would be selected
for launching dates of missions considered. The values of figure 2 are
slightly conservative compered with the results of five-body calcula-
tions in figure 50 of reference 6, which are for launching data in
December 13964.

Calculations

Specific impulse. - For any specified reactor geometry, there is an
optimum level of nozzle chamber pressure for each value of reactor power.
Ideally, this level would be ascertained by a compromise among nozzle
cooling and flow conditions, nozzle weight, pump weight (or tank weight
for pressurized systems), reactor flow area, pressure-shell weight, and
specific impulse. Such a comprcomise has not been attempted in this re-
port. In the present calculations nozzle chamber pressures that seemed




reasonably compatible with the selected values of reactor power were
used. Specific impulse was then obtained from the hydrogen-properties
tables of reference 5 using these pressures, nozzle chamber stagnation
temperature, and nozzle area ratio of 30 for hydrogen in the equilibrium
state. The following schedule of power, pressure, and specific impulse
was used:

Reactor power, Nozzle chamber | Specific impulse, sec, at
mw stagnation nozzle chamber stagnation
_bressure temperature of -
1b/sq in. [%K&/Q 35000 1 | 40000 F | 45000 F
abs em - (1900° ¢) |(2200° ¢)](2500° )
10 10 0.7 | =-=--- 921.9 972
25 22 1.5 | ==---- 894.5 943.5
50 44 3.1 | mme--- 877 925
100 80 S.6 817.5 867.5 915
150 111 7.8 | ===== | ----- 910
200 140 9.8 | ~-=-- 860 907
500 370 26.0 |  ~—===- 850 896.5
1000 1000 70.3 795 843.5 889.5

It so happens that, on a plot of specific impulse against nozzle
chamber pressure (made for constant nozzle chamber temperature and area
ratio), specific impulse decreases sharply with increasing pressure at
low values of pressure. At chamber pressures above about 10 pounds per
square inch, however, the curve begins to flatten so that specific impulse
is relatively insensitive to minor changes in chamber pressure. There-
fore, the above values of specific impulse were used with confidence.

For simplicity, it was assumed that hydrogen stagnation temperature
in the nozzle remained constant at the value specified at the reactor
exit; that is, the nozzle is assumed to be uncooled. For a cooled nozzle
it has been estimated that the thrust would decrease by about 1 percent
for the conditions used in the present calculations.

Weight-flow rate. - After the hydrogen temperature at the reactor
exit was assumed, the weight-flow rate was calculated by dividing the
reactor power by the enthalpy rise in the reactor. It was assumed that
95 percent of the fission energy release was available for heating the
propellant. The remaining 5 percent of the energy was assumed to be lost
by radiation. Hydrogen enthalpy values were obtained from reference 5.
In all the calculations hydrogen was assumed to enter the reactor at
260° R (144° K). This temperature was selected on the basis of unpub-
lished reactor temperature and pressure calculations.

Residual load. - The term "residual load" is used as a measure of
estimation of payload in orbit about Mars. The residual load y includes
vehicle guidance and control equipment, auxiliary power egquipment, pay-
load structure, payload container, and payload.
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The residual load was determined from the change in vehicle weight
during each phase of the journey indicated in figure 1 and the nonpayload
weights associated with propulsion of the payload to the destination
orbit szbout Mars. First, the weight at the end of Earth orbital launch
was debermined by stepwise machine integration. From this weight was
subtracted the weight of hydrogen allowed for cooling the reactor during
the coast phase. The methcd of determining the weight of hydrogen for
afterheat coolant is described in appendix C. The weight at the end of
coast was matched with the working curves at the Mars end of the trip
(previously mentioned) to give the empty weight W5’b.

The weight of hydroger calculated from the difference between the
vehicle weight leaving the orbit around Earth and the empty weight W3’b
was increased by 5 percent to allow for hydrogen trapped in the lines,
tank, and so forth. Because the size of the tankage (and hence its
weight) is dependent upon the hydrogen expenditure, tank weight was
assumed to be proportional to total hydrogen weight. For simplicity,
insulation and structure were also included to give the ratio
wt+i+s/wH2,tot for the corplete stage. The value of this ratio was

arbitrarily taken as 0.24 for the figures presented herein except where
otherwise noted. The detailed nuclear stage designs reported in refer-
ence 4 resulted in values of 0.29 and 0.26 for 4%5,000- and 81, 000-pound
stage weights, respectively. t should be pointed out that the weight

of structure in this ratio does not include the interstage, which connects
the nuclear stage with the chemical booster. This structural element is
assumed to be discarded before application of nuclear power in the orbit
about Earth. Structural, meteoroid, and insulation details for this type
of nuclear stage are reported in reference 3.

Where residual load 1t shown isolated from powerplant weight, it is
assumed that the powerplant weighs 5000 pounds irrespective of reactor
power, vehicle gross weight, and so forth. The powerplant weight includes
reactor, reactor controls, reactor shield, nozzle, and turbopump system
including starting batteries and motors. The weight of the reactor, the
heaviest powerplant comporent, is determined from nuclear considerations.
For the range of reactor power considered herein, it was assumed that
reactor weight did not vary with power. In reference 4 powerplant weight
was estimated to be 8385 ard 6778 pounds in 45,000- and 81,000-pound stage
weights, respectively.

The residual load y is then calculated by subtracting from the
weight leaving the orbit atout Earth, the sum of total hydrogen weight,
Wiis4g and powerplant weight.

Meteoroid protection of hydrogen tanks. - The thickness, and hence
the weight, of the hydroger. tank depends on the extent of meteorcid pro-
tection provided. A schedule of tank weights and the probability of no
hazardous hits by meteoroids, taken from reference 3, was used to calcu-
late residual loads for a vehicle of 30,600 pounds (13,880 kg) leaving the
orbit about Earth. This particular schedule applies to a design in which a




small tank containing the hydrogen required for power application at Mars
and for afterheat cooling is mounted inside the large tank containing
propellant required to leave the orbit about Earth. This arrangement
yields lighter tank weights than are possible if a single large tank is
designed for meteorold protection for long periods of time. Because of
the relatively short duration of the power-on phase at Earth, the outer
tank can be designed for high meteoroid protection without too great a
weight penalty. A 98-percent probability of no hazardous hits on the
outer tank was assumed in the schedule taken from reference 3. The vari-
ation in probability of no hazardous hits, therefore, arises from the
degree of protection of the inner tank only.

The tank weights were used to calculate residual loads. In this
calculation the weight of insulation plus structure was assumed to be 54
percent of the tank weights given by the schedule. The value of this per-
centage generally decreases with increasing stage weight.

Comparisons with Chemical Rockets

Entire mission. - Eventual use of a nuclear-powered rocket for any
given mission depends upon the extent to which it may be superior to a
chemical rocket. In making such a comparison, a specific impulse of 450
seconds was assumed for the chemical rocket in order that its performance
might be as optimistic as can reasonably be expected. Impulsive calcula-
tions were used for all the chemical vehicles. This procedure introduces
some measure of approximation. It is anticipated that hydrogen-oxygen
systems of the future will develop specific impulses of this magnitude.
For the chemically powered rockets, the weight of tanks, structure, and
powerplant was assumed to be 10 percent of the vehicle gross weight.

The hyperbolic velocities used were the same as those used in the nuclear-
rocket calculations.

Deceleration into orbit about Mars. - It was decided to consider the
possible use of a solid-propellant rocket to provide the retrothrust
needed to attain an orbit about Mars from the vehicle's position in
coast. Based on the best present operational solid propellants and case
configurations, it was calculated that about one-half the weight in coast
would be required for rocket propulsion. The value of specific impulse
was assumed to be 300 seconds. This scheme would eliminate the need of
afterheat cooling, because the nuclear powerplant would be Jettisoned
upon entering coast. A lighter propellant tank could be used because of
the considerable lessening of meteoroid protection requirements. The
tank and insulation would be discarded along with the nuclear powerplant.

Soft landing on Mars. - Another possible use of a solid-propellant
rocket is to provide the deceleration required to effect a soft landing
on the surface of Mars from the vehicle's position in orbit about Mars.
It was calculated that an impulsive Av of 2.9 miles per second (2.52
Int. naut. miles/sec) is required for this maneuver. Assuming use of a

eve-u



E-943

solid-propellant rocket with specific impulse of 300 seconds, it was esti-
mated that about 20 percent of the weight leaving the orbit about Mars
could be placed on the planet's surface. The nuclear powerplant, tank,
insulation, structure, and Mars orbit vehicle guidance equipment would
first be discarded.

This method of achieving a soft landing on Mars will be compared
with all-nuclear propulsicn. In the latter instance, only the Mars orbit
vehicle guidance equipment is discarded before leaving the orbit around
Mars. Again, the value of' Av reguired is 2.9 miles per second; but,
because reactor power is used, specific impulse follows the schedule
presented on page 6. With the use of reactor power, about 60 percent
of the weight leaving the orbit about Mars could be placed on the sur-
face. From the load delivered onto the surface, however, the weights of
powerplant, tank, insulation, and structure must be subtracted to arrive
at payload.

A third possibility Ls to use the atmospheric drag of Mars to pro-
vide the required deceleration from the orbit apout Mars in making a
soft landing, as suggestel in reference 7. The payload compartment re-
quired would be in the form of & heavy, drag-type vehicle, such as de-
scribed in reference 4.

RESULT'S AND DISCUSSION

The effect of reactor power level cannot be isolated; therefcre, it
was necessary to study the influence of several other primary design
factors. These primary factors include apoares altitude, coast time,
hydrogen stagnation temperature in the nozzle, and vehicle weight leaving
an orbit about Earth. The effects of these parameters on residual load
are discussed with the aid of the figures. In most of the figures pre-
sented, a hydrogen stagnstion temperature of 4500° F is assumed in the
nozzle to provide an upper bound in the magnitudes of residual load. In
addition, several secondary factors and comparisons with chemical rockets
are also considered. These include the effect of firing a month before
or after the optimum date, effect of the extent of meteoroid protection
of the hydrogen tank, and comparisons with chemical vehicles including
the use of a solid-propellant rocket to decelerate into orbit about Mars
and the feasibility of making a soft landing on Mars.

Primary Factors

Apoares altitude. - The sltitude at apoares need not be nearly SO
low a@s that at periares because obtaining information, such as photo-
graphing the planet, may best be accomplished from the periares. Accord-
ingly, calculations were made to determine the weight of propellant re-
quired to achieve an elliptical orbit from a 200-day coast. The vehicle
considered was assumed to have an empty weight of 33,000 pounds in the
orbit about Mars and to be powered by a 1000-megawatt reactor heating




10

hydrogen to 4500° F. The thrust-to-weight ratio of this vehicle is rep-
resentative; therefore the trends should also be representative. The
periares altitude remains fixed at 208 miles (179 Int. naut. miles).
Apoares altitude is varied from the periares value to 30,000 miles (26,070
Int. naut. miles). The resulting plot, shown in figure 3, indicates that
little propellant is to be saved by using apoares altitudes in excess of
about 10,000 miles (8690 Int. naut. miles). Furthermore, about 70 percent
more propellant is required to attain a circular orbit at a 206-mile alti-
tude than an elliptic orbit with a 10,000-mile apoares altitude. There-
fore, all further computations presented herein have been made for a
10,000-mile apoares altitude. This type of orbit is considered satisfac-
tory for presently conceived scientific research. Incidentally, the
reriod of this orbit is about 10 hours.

Coast time. - The coast time hasg a primary effect on propellant ex-
penditure, and hence on residual load, by virtue of the hyperbolic veloci-
ties involved. These velocities have been discussed previously in con-
nection with their presentation in figure 2.

The effect of coast time on hydrogen expenditure is shown in figure
4(a), in which the stagnation temperature of the hydrogen in the nozzle
is assumed to be 4500° F. The ratio of propellant weight to vehicle
weight leaving the orbit sbout Earth is plotted against coast time. Two
values are shown for vehicle weights leaving the orbit about Earth. For
81, 000-pound vehicles, reactor powers of 25 and 1000 megawatts are used;
and for 33,000 pounds, a reactor power of 100 megawatts is presented.
These curves all indicate that large savings in propellant can be realized
at the expense of lengthening coast times up to about 230 days. Further
increase in coast time yields small benefit. The slopes of the two curves
for 81,000 pounds indicate that the rate of hydrogen savings with coast
times rises with increasing reactor power.

This effect on hydrogen expenditure has been translated in terms of
residual load plus powerplant weight in figures 4(b), (c), and (d). In
these figures the ratio wt+i+s/wH2,tot has been assigned several dis-

crete values in order to cover the expected range (0.16 to 0.28). De-
tailed design studies, such as reference 4, have shown that the value of
this parameter decreases as vehicle weight rises. The increase in residual
load plus powerplant weight with increasing coast time, as shown in fig-
ures 4(b), (c), and (d), is due to the decrease in total velocity change
to accomplish the mission. The resulting decrease in total thrust require-
ment is mainly reflected in decrease in the welght of propellant required,
as shown in figure 4(a).

It will be recalled that residual load includes vehicle guidance
and control equipment, auxiliary power equipment, payload structure, pay-
load container, and payload. Current estimates place the weight of vehi-
cle guidance and control equipment, required to attain an orbit about
Mars, at approximately 3000 pounds (1360 kg). About 2000 pounds (900 kg)
is considered to be the minimum acceptable payload for this mission.
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Therefore, residual load should be in excess of about 5000 pounds
(2260 kg).

Tt is estimated that powerplant weight of vehicles considered herein
will be at least 86000 pounds. A typical value for the ratio
Wt+i+s/wH2,tot is 0.24. [fssuming these values for a 100-megawatt,

33, 000-pound vehicle gives a residual load in orbit about Mars of 6300
pounds (2860 kg) after = 220-day coast (fig. 4(b)). For a 200-dey trip
the corresponding velue of residual load is about 4500 pounds (2040 kg),
which is considered marginal to be acceptable for this mission. Not even
under the most optimistic conditions of figure 4(b) will short coast times
(of about 150 days) be poscible with a 33,000-pound vehicle. If power-
plant weight exceeds about 7000 pounds, a 33,000-pound vehicle will
probably be incapable of a Mars orbital mission.

Use of a larger vehicle (Bl,OOO 1b) is considered in figures 4(c)
and (d). The stagnation temperature of the hydrcgen in the nozzle remains
at 4500° F. 1In figure 4(c), the reactor power is 25 megawatts. This
figure is presented to indicate that a large vehicle is required if for
any reason (such as temperature or stress limitations) the reactor must
be restricted to very low power. The payload capacity of this large
vehicle of low power is not. a great deal better than that of the 100-
megawatt, 33,000-pound vehicle. Figure 4(c) also shows that coast times
of about 200 days are necessary for this large vehicle in order to vield
acceptable payloads.

Better use of the larger vehicle is possible by increasing the
reactor power, as shown by figure 4(d). This figure reveals that residual
loads considerably greater than required for purposes such as picture-
taking are possible for coast times of the order of 200 days. This fact
points to two possible alternatives. Coast time can be decreased to
about 145 days and still result in a satisfactory residual load. Another
alternative is to make a soft landing on Mars, but this possibility will
be dealt with subsequently.

Reactor power. - An indication of the effect of reactor power was
evident in the previous discussion. The effect on residual load plus
powerplant weight for a range of power from 10 to 1000 megawatts for both
the 33,000- and 81, 000-oound vehicles 1s presented in figure 5 for sev-
eral values of the ratio wt+i+s/wH2,tot- The hydrogen stagnation tem-

perature in the nozzle is 4500° F, and a 200-day coast is assumed.

In figure 5(a), for 33,000-pound vehicles, the curves reach a maxi-
mum &t about 500 megawatts and then drop off slightly because of the
increasing afterheat coolant required. The knees of these curves, so to
speak, occur at about 150 negawatts, beyond which little is to be gained
in residual load. Figure 3(a) reveals that a 33,000-pound vehicle must
be powered by at least 150 megawatts Iin order to deliver a residual load
large enough to be considered acceptable. If wt+i+s/ng,tot is 0.28
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or greater, a 33,000-pound vehicle may not be capable of delivering an
acceptable payload into orbit about Mars.

The curves for 81,000-pound vehicles (fig. 5(b)) rise with reactor
power but have not reached a peak at 1000 megawatts. The knees of these
curves occur at about 400 megawatts. At 150 megawatts for the 33, 000-
pound vehicle and 400 megawatts for 81,000 pounds, the initial accelera-
tion is of the order of 1/4 g. Suitable reactor power for other vehicle
weights will be discussed presently.

Hydrogen stagnation temperature in nozzle. - In a rocket engine, it
is desirable to use as high a gas temperature in the nozzle as feasible
in order to achieve high specific impulse. A primary constraint, how-
ever, 1s the stress in the reactor components at high temperature., Fig-
ure 6 presents the effect of hydrogen stagnation temperature in the noz-
zle on residual load for several design conditions. In this figure,
Wt+i+s/WH2,tot is 0.24 and powerplant weight is 600C pounds. A compari-

son of residual loads over a range of reactor power for hydrogen stagna-
tion temperatures of 4000° and 4500° F is presented in figure 6(a) for
81,000~-pound vehicles. Over the range of power shown, the penalty in re-
sidual load due to the 500° F drop in propellant temperature 1is not ex-
cessive, nor does it vary greatly. At 400 megawatts the drop-off in re-
sidual load caused by heating the hydrogen to 4000° F instead of to 4500° F
is about 1400 pounds (6.5 percent). The horizontal line shown in figure
6(a) pertains to chemical vehicles, which will be discussed in a subse-
quent subsection.

In figure 6(b) is shown essentially a linear relation between tem-
perature and residual load for a given vehicle gross weight and reactor
power. The range of hydrogen stagnation temperature presented is from
3500° to 4500° F. The fact that the slopes are not steep indicates that
the gains to be had by raising the hydrogen temperature may possibly not
be worth the additional problems in the reactor arising therefrom. Fig-
ure 6(b) is also provided to aid in estimating residual loads for tem-
reratures intermediate between those selected for calculation. For the
33, 000-pound vehicles the fact that residual load is less than 4000
pounds at 3500° F indicates that this temperature may be too low for a
successful mission. A stagnation temperature of 4000° F appears to be a
good compromise between rocket performance and severity of reactor
materials problems.

Vehicle weight leaving orbit about Earth. - It was observed earlier
that selection of reactor power level was dependent upon the vehicle
gross weight leaving the orbit about Earth. Figure 7(a) presents the
effect of this weight on residual load for vehicles powered by 25, 100,
500, and 1000 megawatts. Hydrogen stagnation temperature in the nozzle is
4500° F, and coast time is 200 days. The range of vehicle weights used
is from 33,000 to 200,000 pounds. The solid curves, which are for nuclear
vehicles, show essentially a linear relation between vehicle weight and
residual load for a given value of reactor power. The dashed line, rep-
resenting chemical vehicles, will be discussed later.

¢¥e-d
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Consideration of any horizontal line in figure 7(a) shows the extent
to which vehicle weight can be decreased by raising reactor power while
maintaining a given value of residual load. For example, the same
residual load that is obtainable from a 100-megawatt, 100, 000-pound
vehicle can be delivered by a 63,000-pound vehicle if reactor power is
raised to 500 megawatts. The principal advantage of this action, however,
is that the 37-percent saving in nuclear vehicle weight would be gwarfed
by the much greater saving in weight of the booster used to place this
vehicle in orbit about Earth. It was noted earlier that residual load
should exceed 5000 pounds ‘n order that an acceptable payload might re-
main after allowing for vehicle guidance and control equipment and other
nonpayload items. With this limitation, figure 7(a) indicates that use
of a nuclear-powered vehicle for this mission must await the development
of chemical boosters with the capacity to place cver 30,000 pounds in an
orbit about Earth.

In figure 7(a) the residual loads are so high for the upper half of
the 1000-megawatt curve that round trips might be feasible. Or, alterna-
tively, the one-way trip time could be drastically reduced from the 200
days used in the figure.

Figure 7 may also prove useful in giving a rough approximation of
residual load for vehicle gross weights other than those presented in
figures 4 and O. i

A cross plot of figure 7(a) yields curves similar to those shown in
figure 5. Such a set made for several values of vehicle weight is pre-
sented in figure 7(b) to indicate the approximate locations of the knees.
It is again apparent that little gain in residual load is available by
designing for higher values of reactor power than those corresponding to
the knees. The dashed line in figure 7(b) is a locus of suitable reactor
power. Residual load plus powerplant weight is used as the ordinate in
figure 7(b) to avoid the restriction imposed by selection of a particular
value of powerplant weight.

The locus of suitable reactor power is plotted against weight leaving
the orbit about Earth in figure 7(c). The range in vehicle weights shown
varies from 33,000 to 200,000 pounds, and reactor power varies from 150
to 1500 megawatts. Figure 7(c) indicates approximately the highest values
of reactor power that can oce advantageously used by vehicles in the weight
range shown. It i1s apparent from figure 7(b), nevertheless, that a rather
large deviation in power from the locus exists, so that considerable
flexibility in the exact magnitude of power is available.

Figure 7(c) indicates, for example, that, for a 200, 000-pound vehi-
cle in orbit around the Earth, reactor power of the order of about 1500
megawatts would be a reasonable design choice. Reference to figure 7(b),
however, shows that for this vehicle weight the reactor power can be
halved with a reduction in the value of residual load plus powerplant
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weight of less than 6 percent. The corresponding decrease at 1000 mega-
watts is less than 2 percent, so that it might be said that 1000 mega-
watts is suitable for a 200,000-pound vehicle. This example clearly
illustrates the flexibility available in choice of the magnitude of
reactor power. This flexibility is greater at high vehicle weights.
Furthermore, it can be concluded that, for Earth-orbital-launch vehicles
up to 200,000 pounds in gross weight, there is practically no advantage
in designing for reactor power in excess of about 1000 megawatts.

eve-d

Secondary Factors

FPiring a month before or after optimum date. - It is unlikely that
ideal conditions will prevail to permit firing on the precise day for
minimum sum of the hyperbolic velocities. Accordingly, the effect of
providing a margin of plus or minus a month was studied. The results
are presented in figure 8 for vehicle weights of both 33,000 and 81, 000
pounds. Hydrogen stagnation temperature in the nozzle is 4500° F, and
coast time is 200 days. The lower curves of the bands shown in figure 8
apply to firing 32 days early or 30 days late with respect to the date
for minimum sum of the hyperbolic velocities. Therefore, the hyperbolic
velocities used are greater than those shown in figure 2. TFigure 8 re-
veals that, for the 33,000-pound vehicle, the feasibility of a Mars
mission is dependent on firing close to the optimum date. For the 81, C0O0-
pound vehicle at 400 megawatts, the residual load would be reduced by as
much as one-third because of 1 month's deviation in firing date. The
corresponding decrease in payload would be about 40 percent (see ref. 4).
It is likely that an actual vehicle would be designated for a point within
the bands shown in figure 8. If it were designed for a point on the opti-
mum curve and the optimum firing date could not be met, there would prob-
ably be no easy way to increase the tank size or increase the power. The
alternative would be to modify the trajectory and increase coast time.

Meteoroid protection of hydrogen tanks. - The schedule of tank
weight and probability of no hazardous hits by meteoroids taken from
reference 3 applies to a vehicle of 30,600-pound weight leaving the orbit
about Earth. The resulting residual loads are plotted in figure 9 against
probability of no hazardous hits by meteoroids. In this figure the

stagnation temperature of the hydrogen in the nozzle is 4OOOO F, reactor
povwer is 150 megawatts, and coast time is 230 days. The levels of re-
sidual loads shown are based on an assumed powerplant weight of 6000
pounds. The curve in figure 9 is representative of other vehicle weights,
reactor powers, and coast times considered in this report.

Any point on the curve of figure 9 gives the theoretical probability
that all the meteoroids striking the tanks will not penetrate to a depth
great enough to let the hydrogen escape. The circle shown on the curve
at L7-percent probabllity designates that, if the inner tank is designed
to withstand a pressure of 50 pounds per sguare inch absolute, it will
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be thick enough to provide the vehicle with a S7-overcent chance of ac-
complishing its mission successfully. Similarly, the square on the curve
indicates that the tank thickness required to withstand a pressure of

30 pounds per square inch absolute furnishes virtually no meteoroid
protection.

Figure 9 shows that residual load drops off drastically at about
70-percent probability. To provide the greatest degree of meteoroid
protection shown (92 percent) a penalty in residual load of 1100 pounds
must be endured, as compared with the value obtained assuming the inner
tank designed for 50 pounds per square inch absolute.

Comparisons with Chemical Rockets

Entire mission. - For chemical rockets, weights at Mars were cal-
culated that correspond essentially to residual load of the nuclear-
powered vehicles. Comparison is made for 200-day trips and with a spe-
cific impulse of 450 seconds, as discussed previously. The dashed line
of figure 7(a) presents weights at Mars for chemical vehicles ranging in
gross weight leaving an orbit about Earth from 33,000 to 200,000 pounds.
This figure indicates that, except for the 25-megswatt curve, the nuclear
vehicles shown surpass chemical vehicles over the entire range of vehicle
weights presented. The steeper slopes of the curves for the nuclear
vehicles indicate that, at vehicle welghts below about 20, 000 pounds,
chemical vehicles would be superior. This is true mainly because the
weight of the nuclear povwerplant was assumed invariant with vehicle
weight and hence is a higher rercentage in the low vehicle-weight range.
The minimum limitation of 5000 pounds for residual load, however, nulli-
fies any implied advantage of chemical vehicles in the low vehicle-
welght range. Furthermore, with this limitation, the dashed line of fig-
ure 7(a) indicates that the weight of chemical vehicles leaving an orbit
around Earth for an orbit about Mars should be at least 50, 000 pounds.
But at this value of vehicle weight, a nuclear-powered vehicle has much
greater potential payload capacity. These considerations indicate that
a nuclear-powered vehicle has a decided advantage over a chemical vehicle
for this mission.

In figure 10, which is primerily presented for another purpose (use
of a solid-propellant rocket at Mars), a chemical vehicle is compared
with nuclear vehicles for which reactor bower varies. Vehicle weight is
33,000 pounds, and coast time is 200 days. The intersection of the
horizontal line for chemical vehicles with the all-nuclear curve shows
that nuclear vehicles have greater residual-load capability if reactor
power exceeds about 50 megawatts. In an 81, 000-pound vehicle (see fig.
G(a)), 50 megawatts is again the value of reactor wower above which
nuclear vehicles surpass chemical wvehicles in payload performance.
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Deceleration into orbit about Mars. - Because the residual loads
provided by the 33, 000-pound vehicle were low, it was decided to study
the possible use of a solid-propellant rocket to enter the orbit about
Mars. This was done in the hope that it might make even a low-pover
33, 000-pound vehicle feasible. The results are compared with those for
all-nuclear propulsion in figure 10 for the 33,000-pound vehicle over a
range of power after a 200-day coast. Hydrogen stagnation temperature
in the nozzle chamber is 45000 F. This figure indicates that use of a
solid-propellant rocket may yield gains in residual load at low reactor
powers. These residual loads are at best marginal, however. Over the
remginder of figure 10 there is no substantial change in residual loads
between the two means Of propulsion. It can therefore be concluded that
the use of a solid-propellant rocket to attain an orbit about Mars from
coast offers no advantage.

goft landing on Mars. - An earlier discussion mentioned the possi-
pility of making a soft Tanding on Mars by using the 81,000-pound vehi-
cle. Such a mission might be desirable for the purpose of placing
freight on Mars in support of a manned exploration that would utilize a
larger vehicle. Two possible means of providing the deceleration are
the use of a solid-propellant rocket and the use of the nuclear reactor.

A comparison of these two means of achieving a Mars soft landing is
presented in figure 11 for a weight of 81,000 pounds leaving the orbit
about Rarth. Hydrogen stagnation temperature in the nozzle is 4500° F,

the ratio Wt+i+s/WH2,tot is 0.24, and powerplant weight is 6000 pounds.

The weights shown in figure 11 for the solid rocket include the weight
of the empty casing. For the all-nuclear vehicle, however, the weights
consist only of payload and payload container.

The effect of varying reactor power is shown in figure 11(a) for a
coast time of 200 days. This plot indicates that, with reactor power
level above 400 megawatts, about 3000 pounds of freight can be placed on
Mars' surface using a solid-propellant rocket. The all-nuclear vehicle
has no Mars soft-landing capability for a 200-day trip. Even if coast
time is increased to 260 days, the all-nuclear vehicle is marginal be-
cause it can place less than 2000 pounds on Mars' surface. This is
shown in figure 11(b), in which reactor power is kept at 1000 megawatts
while coast time varies. Use of a solid-propellant rocket in leaving
the Mars satellite orbit will yield about 2850 pounds on the surface for
a 230-day coast. These considerations reveal that, for a soft landing,
a solid-propellant rocket used to leave the orbit about Mars has a
greater payload capacity than the all-nuclear vehicle if the solid-~
propellant casing weighs no more than about one-half the total weight
placed on the surface by this means.

In figure 11(a) a point encircled at a reactor power of 500 mega-
watts shows the effect of a month's deviation in firing date. Because
the weight placed on the surface of Mars shown by this point is only 550
pounds (250 kg), it may be concluded that the firing date must be close
to optimum for this mission.

ey6-d
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If atmospheric drag is used to provide the required deceleration
from the orbit about Mars, Leavier weights can be placed on the surface.
The heavy drag-type vehicle required to contain the payload might weigh
about 5000 pounds. With this assumed value, figure 6(a) can be used to
estimate the weight landed on the surface. If weights of 5000 pounds
for the capsule and 3000 pounds for vehicle guldance and control equip-
ment are subtracted from the residual load shown at 400 megawatts and
4000° F in this figure, a payload of about 12,000 pounds remains. Fig-
ure 8 shows that a one-month deviation in firing date would reduce the
soft-landing payload 44 percent.

SUMMARY OF RESULTS AND CONCLUSION

The results of this parametric trajectory study on the possibility
of using a nuclear-powered unmanned vehicle starting from an orbit about
Earth to place a payload into an orbit about Mars having a 206-mile
periares and a 10,000-mile apoares follow:

1. This use of nuclear vehicles must awalt develcpment of chemical
boosters capable of placing a weight of at least 30,000 pounds in orbit
about Earth.

2. A 33,000-pound vehizle must be powered by about 150 megawatts to
place an acceptable payload, of the order of 2000 pounds, into an orbit
about Mars. Nuclear-powered vehicles have greater payload capacities
for this mission than chemical vehicles for all values of reactor power
greater than about 50 megawatts.

3. In a 33,000-pound vehicle, reactor power in excess of about 150
megawatts yields scarcely any payload increase in an orbit about Mars.
The corresponding power for an 81,000-pound vehicle 1s about 400 mega-
watts, and for a 200,000-pcund vehicle it is abou’ 1000 megawatts.

4. A 4000° F hydrogen stagnation temperature in the nozzle appears
to be a good compromise between rocket performance and severity of
reactor materials problems. A stagnation temperature of 3500° F for a
33,000-pound vehicle may be too low to yield a successful Mars orbital
mission.

5. To accomplish an acceptable Mars orbital mission, a 33,000-pound
vehicle requires a coast time greater than 200 days. If reactor power-
plant weight exceeds about 7000 pounds, this size vehicle is incapable
of the cited Mars mission. Use of an 81,000-pound vehicle can reduce
the required coast time to about 145 days.

£. Advancing or retarding the firing date by considerably less than
one month from the optimum date would preclude the successful use of a
23,000-pound vehicle for a Mars orbital mission. For an 81,000-pound
vehicle, a one-month deviation in firing date would decrease the payload
in orbit about Mars about 40 percent.
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7. There appears to be no payload advantage in discarding the nu-
clear powerplant before coast and using a solid-propellant rocket to
enter the orbit about Mars.

8. It appears feasible to place freight on the surface of Mars us-
ing a 400-megawatt reactor in an 81,000-pound vehicle. If atmospheric
drag is used to decelerate the payload capsule from its position in
orbit about Mars, a weight of about 12,000 pounds can be placed on the
surface.

9. A 200,000-pound vehicle powered by a 1000-megawatt reactor could
be used either for round trips to Mars or to reduce drastically the
coast time of one-way unmanned trips.

10. Meteoroid protection of the hydrogen tanks to the extent of
providing a 92-percent probability of no hazardous hits decreases the
payload in orbit sbout Mars by about 1100 pounds for a 320,600-pound
vehicle.

From the results of this study it may be concluded that an accept-
able payload (2bout 2000 1b) can be placed in orbit about Mars by an-
unmanned vehicle powered by a nuclear reactor of modersately low power
(150 mw). The vehicle would be placed in an orbit about the Earth by a
chemical booster of the Saturn class. A vehicle powered by a 400-
megawatt reactor may place a weight of about 12,000 pounds on the sur-
face of Mars with a soft landing if use i1s made of atmospheric drag at
Mars.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 23, 1860
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APPENDIX A

SYMBOLS
thrust, 1b
local value of gravitational constant, miles/sec2
gravitational constant, miles/sec2
specific impulse, sec
reactor power, watts
heat, Btu
instantaneous radius of curvature, miles
radius measured from center of fixed coordinate system, miles
duration of reactor cperation, days
time, sec
velocity, statute miles/sec (Int. naut. miles/sec)
weight, 1b (kg)
residual load in orbit about Mars = vehicle guidance and control
equipment + auxiliary power equipment + payload structure +
payload container + payload, 1b (kg)
central angle with reference to fixed coordinate system, radians
engle between velocity vector and local horizontal, radians
gravity force constant, gX(planet radius)z, milesB/secz
duration from reactor startup to end of coast, days
angle between thrust ind velocity vectors, radians
Earth

Mars
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Subscripts:

a bveginning of phase

b end of phase

Ho hydrogen

h hyperbolic

i insulation

s structure

t tank

tot  total

1 power-on phase at Earth end of trip
2 coast

3 power-on phase at Mars end of trip
I initial position of planet

1T final position of planet

Q @

Earth

Mars

e¥e-H
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APPENDIX B

TRAJECTORY ANALYSIS

The flight ecuations used for the orbital laanch can be considerably
simplified and still remair quite realistic, by neglecting the effects of
planetary atmospheres oOn the mission. Stationary coordinates with the
origin at the center of a tniform gravitational field were employed. For
orbital launch the optimum thrust program closely coincides with "tangen-
£ial" thrust (i.e., thrust alined with the velocity vector). Therefore,
the assumption of tangentisl thrust seemed adequste for this report.

With these assumptions taken into account, the two equations that
describe the balance of forces on the vehicle are

WA _woosy - EL-g sin 6 (along path) (B1)
Eo dat 8o
e Fe.
Y _=gecos 3 - —=s5inV¥ (perpendicular to path) (B2)
Rig W

The angle VY 1s assumed Zero when accelerating, and =n When decelerat-
ing. Equation (Bl) can be rearranged as follows:

F cos
%‘Efz_______gcw Vo gsinoe (B3)

Assuming that V = O, or i, equation (BZ) then simplifies to

Ve

— — = g cos 8 (B4)
Rin

The rate of rotation about the instantaneous center of curvature is
related to the rate about the center of the planet (or fixed coordinate
system) as follows:

v _dp _ 49 (85)

R, = =3 (B6)
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With the aid of the identity

equation (B6) becomes

_ v
Rin = ¥ cos 5 _ ae

T at

Substituting equation (B8) into egquation (B4) gives

vZ cos @ - ag _ os 0
r at - 8¢

which rearranged yields the differential equation

2
v

- - —]cos &
§Q=< r>

dt v

(B7)

(B8)

(B2)

(B10)

Equations (B3) and (B1l0O) are the two eguations that are to be inte-
grated stepwise with respect to time to give the velocity and position

relative to the fixed coordinate system.

¢¥6-d
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APPENDIX C

WEICHT OF EYDROGEN FOR AFTERHEAT COOLING

I+ is intended to shut down the reactor once the hyperbolic velocity
required for interplanetary coast has been attained. After shutdown,
heat will continue to be released from the fission products because of
the emission of beta particles and gamma rays. I will be necessary,
therefore, to cool the reactor during coast by passing hydrogen through
it.

The assumption will be made that the rezctor continues to generate
rated power until 30 seconds after shutdown. The heat thus produced
during these 30 seconds 1is Q) Btu

The rate of emission «f beta and gamma energy 1s approximated by
the following empirical expression, given in reference 3:

dQ - - -
2 ~ 5,940 3 PET - TO) 0.2 _ T 0. 2] watts

dZT - T05

The energy Qp 1s calculated by integrating over the time interval
between 30 seconds (expresued in terms of a day) and the time of coast

(t - Tg):

(1 - Tp)
-0.2  _-0.2
Qp = 0.4833 P [(T - Tp) 20 ]d(T - 1) Btu
0. 0003473
0. .8 0.8 _
Q = 0.60% P[ET"TO) & 9% (0.0003473) """ 4 (0.0003473 + 70)° %]Btu

The total heat to be removed by the hydrogen is
G+ &

Tn the calculations it was assumed that the afterheat coolant left the
reactor at 3960° R (2200° K). The rise in enthalpy of the hydrogen
(from 260° R (144° K) inlet temperature) is therefore 14,000 Btu per
pound. The weight of hydrogen required for afterheat cooling is thus

I S
Ho, 2 7 14,000
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TARIE T. - ASSUMPIIONS AND CONSTANTS

. N . N . a.
[Linear dirensions are in statute miles. ]

Radius of EBarth, miles

Gravity force constant ai Earth,
My milesB/sec2

Radius of Mars, miles

Gravity force constant at Mars,
Heg miles /sec

ILaunching orbit about Eairth,
miles (circuler)

Periares altitude at Mars, miles

Apoares altitude at Mars, miles

Planets' orbits

Firing date

Temperature of Ho entering reactor,
Condition of Hs in nozzle

Nozzle velocity correction factor
Nozzle expansion ratio

Werits

WH,, tot

Ho trapped in lines, tanks, ete.,

percent
Powerplant weight, 1b

°Rr

3, 964

95, 854
2, 057

10,252

352

206

10, 000

Noneircular and noncoplanar
That which ylelds minimum

sum of hyperbolic veloci-

ties (except fig. 8) .

260

Bquilibrium

0.98

30

0.24 (except figs. 4 and 5)

o
C5000 (except figs. 4{v),
alc),4(d), 5, 7(v), and 7(c)

81 statute mile = 0.86895 Int. naut. mile.

©144° K.
C~2720 kg.
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L 3,a and 2,Db
_l Power

Figure 1. - Schematic diagram of trajectory in Sun-Barth-Mars system.
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Residual load plus powerplant welght, 1b
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(¢) Bffect on residual load plus powerplant weight for 25-megavatt,
81, 000-pound (36, 700-kg) vehicle lemving orbit about Earth.
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{d) Effect on residual load plus powerplant weight for 1000-megawvatt,
81, 000-pound (36,700-kg) vehicle.

Figure 4. - Concluded. Effect of coast time. Hydrogen temperature, 4500° F
(2500° C).
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Residual load, y, 1b

24)(103 % 11i4q é;“{J‘L'
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& s temp. in nozzle :
16
12 s
8 ke Chemical vehicle
i with I = 450 sec
N ]
0 200 400 600 800 1000

Reactor power, mw

(a) Varlation with reactor power; 81,000-pound (36,700-kg)
vehicle leaving orbit about Earth.

Figure 6. - Effect of nozzle stagnation temperature on residual
load. Coast time, 200 days; w{+i+s/wH2,tot’ 0.24; powerplant
weight, 6000 pounds (2720 kg).
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Residual load, y, 1b
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residual load. Coast time, 200 days; wt+i+s/wH2.tot’ 0.24; power-

plant weight, 6000 pounds (2720 kg).



Residual load, y, 1b
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(a) Effect on residusl load. Powerplant weight, 8000 pounds (2720 kg).

Figure 7. - Effect of welght leaving orbit about Earth. Hydrogen temperature,
4500° F (25000 C); coast time, 200 days; wt+i+s/wﬁzltot, 0.24.
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Suitable reactor power, mw

W X
1, o £
10 20 30 40 50 60 70
~ T T T T T T
S T ; i B R Rt A
ok f i itk
1600 s Bt i i o
1400 B : 2 Sk pode
i 11 il B A S
1200 Hidi il i ' il iz i
B 4 T i 1 H -
; : e ; i sEHE A
1000 [l L e e iR, g o S
1 +} H : i s
800 2 : i A it
. e ‘» o Bl o .—‘
600 i el
400 e
200 I S e i i
ol , : _ : X
20 40 80 80 100 120 140 160 180  200X10

Weight leamving orbit about Earth, W, ., 1b
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(c¢) Effect on suitable reactor power.

Figure 7. - Concluded. Effect of weight leaving orbit about Earth. Hydrogen tempera-

ture, 4500° F (2500° C); coast time, 200 days; wt+i+s/wH2,totJ 0.24.

ev6-d



37

800 1000

600

Reactor power,

400

200

qr ‘£ ‘peoT Tenptsay

cve-d

O o] < [ (@]

P - et MBI N S Aant L1 1T ~TLT 4
S HEH B 8 Siss aesEientl HIMEES . _ i
S e e —H s Ba

P4d ok st | - 1 fhees &

: . i ] ;
,,. -t “ 1 T | 1 i i k N )i T
RER] gRanaseny = t | : H- 1
! ’ t T T
o I ! b junen nils I
; et ‘ + i § ey I B
211t 1 it H : T
141 t + 1Y I 1 L T H
T T Ik IS4 ARAA B + I —

m“ + %] -
IR M L 4 1 s T 1 1]
RS =8 [JR=t Enang punes pans e T R et
O t T + T 1 r O 117
o S e ase : = 3 s, 1 O o
e } et Eeags oet : ; Og :

e s ! o uai

A + as
S JJRa s i ” R ise: 1osann
NS g5 b i
o —t .‘ t
e S ] o

B o e 128 i —~
wudiibns * g s

1 Qi I Ho

COE 1 ; - Eat
T O T f T ! p m e Bas

' T 1 : T b [

[N NS B b1 : A H
giSEes r o 1 1 v -+ J.Mm £ 11

[eaRmen = , N IT e nm s

L e Liasts 1] s
[ o+ 4 &~ P
o r v O w Py
Sk a5 SR
& . - I
0 wlt Ho o umu
Wu it Hod Q 1
5 S} Rypeas
Y 11
= Tt et =8
m [ H u_ IS 4
ne " 8 Sh:
. 1+
;
- i
=
> Fres 1
== i
= w
- S RS B ¥ +H
- I8 .
SR e aians INEN) = L
~H

mw

firing before or after optimum date.
6000

- Effect of
Hydrogen temperature, 45000 F (25000 C)}; coast time,

200 days; W£+i+s/WH2,tot’ 0.24; powerplant weight,

pounds (2720 kg).

Figure 8



38

Iy ‘K

E-943

750 “IM/STIM £(8% ozrz) spunod 0009

‘ay3tem juerdasmod fsqyemeBou OGT ‘romod x0q0®ax fsAwp 0oz ‘owry
18800 {yjaey JNOqB 3TGI0 FUTABST STOTUSA (3¥-088°¢cT) Punod-009 ‘o
! ooommv A ,000% ‘aomgeaaduey usSBoIpPAH *PROT TBNPTISSI UO SYUBY

usB0apAy JO UOF30930xd PTOIOqOW JO JUIIXD JO 309IJH - 6 SJNBTI

9 ‘sproxosjsw Aq S$3TY SNOPIBZBY OU JO A3TTTQBAOII

00T 08 09 0% 02
00021~
0052
; 03
5 b i 0¢
sqe ‘UL dm\nH

000z = ‘puB3syU}TM 03 DOuUITSOP

| 9dB SYUBY 3BUF 2INSSdIJ

000%

000s

0009

000.L

qr ‘A ‘pwOT Tenpissy



39

9 Ak

*UIBE 3TQL0 BUTABST STOTUA (FH-000°ST)
punod-000¢ge (8% 0z.2) spunod 0009 fyudtem queTdasmod
JesTonu TV Pop.\mmz

S+T+3y
d 0006% ‘aanjeradusy UsBoIpAH +3SBOD WOIJ SIBW 1N0OQEB 1TJJIO
9ASTUYDR 03 38¥dox jqueTTadoad-pTLos Julsn Jo 409IJH - *OT =angTg

fsf8p 00z fowty 38BOO (D L00S2)

£32°0 ¢

mu fxsmod 10930899

000T 008 009 00% 002 0
or s ; ; e ! T T
1.0 i M T 7 1 “l
003 - FHH T ; | S ESEE
1 1 113 :
L T : ] 0002
0001 1 - 0S¥ -
H Hﬂ STOTIY2A FH ;
! _u\ SRS ; - _, i __
00ST [ [HHH: L gl e E 3 :
RARN SIBW 1B pesn m e dl
= q9300a queTTedoad-pITog — — — — 0007
0002 + AT uotstndoad agsTonuU-TIY :
il e AT
s j e
00se - p Saaans : r = T
ESEetssastcysfdtase: ixsodsieELISEREEE: iE i i SS3E 58 0009

¢¥6-H

qT ‘£ ‘peOT TENPTSSY



Weight landed on surface of Mars, 1b
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aanaes Solid-propellant rocket used:
BEge RS to leave orbit about Mars 1500
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saane o Ba e jaase optimum in firing date
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Reactor power, mw
(a) Effect of reactor power for 200-day coast.
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(b) Effect of coast time for 1000-megawatt power.
Figure 11. - Soft landing on Mars. Hydrogen temperature,

45000 F (2500° ¢); 81,000-pound (36,700-kg) vehicle
leaving orblt about Earth; W£+i+s/wﬁz,tot’ 0.24; power-

plant weight, 6000 pounds (2720 kg).
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